Summary miR-155, a microRNA associated with poor prognosis in lymphoma and leukaemia, has been implicated in the progression of mycosis fungoides (MF), the most common form of cutaneous T-cell lymphoma (CTCL). In this study, we developed and tested cobomarsen (MRG-106), a locked nucleic acid-modified oligonucleotide inhibitor of miR-155. In MF and human lymphotropic virus type 1 (HTLV-1+) CTCL cell lines in vitro, inhibition of miR-155 with cobomarsen de-repressed direct miR-155 targets, decreased expression of multiple gene pathways associated with cell survival, reduced survival signalling, decreased cell proliferation and activated apoptosis. We identified a set of genes that are significantly regulated by cobomarsen, including direct and downstream targets of miR-155. Using clinical biopsies from MF patients, we demonstrated that expression of these pharmacodynamic biomarkers is dysregulated in MF and associated with miR-155 expression level and MF lesion severity. Further, we demonstrated that miR-155 simultaneously regulates multiple parallel survival pathways (including JAK/STAT, MAPK/ERK and PI3K/AKT) previously associated with the pathogenesis of MF, and that these survival pathways are inhibited by cobomarsen in vitro. A first-in-human phase 1 clinical trial of cobomarsen in patients with CTCL is currently underway, in which the panel of proposed biomarkers will be leveraged to assess pharmacodynamic response to cobomarsen therapy.
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MicroRNAs, short (~22 nt) non-coding RNAs that regulate post-transcriptional gene expression, are potential therapeutic targets in cancer (Lin & Gregory, 2015) . Through homologous base pairing with the 3 0 untranslated regions (UTRs) of specific mRNA targets, microRNAs can promote mRNA degradation and inhibit translation (Bartel, 2009 ). More than one-third of human genes are predicted to be targets of microRNA control (Lewis et al, 2005) . A single microRNA might coordinately regulate a network of genes encoding proteins with related functions (e.g., cellular proliferation or metabolism) (Stark et al, 2003; Gr€ un et al, 2005; Lewis et al, 2005; Linsley et al, 2007) . The microRNA miR-155 regulates immune cell function and is overexpressed in numerous solid tumours and haematological malignancies (Eis et al, 2005; Kluiver et al, 2005; Tili et al, 2011) . Constitutively high levels of miR-155 resulted in sustained cell proliferation and survival (Wang & Lee, 2009; Yamanaka et al, 2009; Gerloff et al, 2015) and genomic instability of malignant cells (Valeri et al, 2010; Babar et al, 2011; Tili et al, 2011) . Additionally, multiple studies of genetically manipulated mice have demonstrated that overexpression of the murine homologue of miR-155 in select lymphoid tissues or cell types can lead to an increased incidence of lymphomas and leukaemias (Metzler et al, 2004; Eis et al, 2005; Costinean et al, 2006; O'Connell et al, 2008; Babar et al, 2012) . Together, these results suggest that miR-155 might play a role in the genesis and/or proliferation of haematological malignancies.
In particular, miR-155 has been implicated in some subtypes of cutaneous T-cell lymphoma (CTCL), a clinically heterogeneous group of T cell-derived lymphoproliferative malignancies that home to the skin. Mycosis fungoides (MF), the most prevalent subtype of CTCL, can remain indolent or progress from limited patches and plaques in the epidermis to tumour formation in some patients (Willemze et al, 2013) . Many groups have reported overexpression of miR-155 in skin biopsies from patients with advanced MF compared with controls (van Kester et al, 2011; Ralfkiaer et al, 2011 Ralfkiaer et al, , 2014 Moyal et al, 2013; Marosvari et al, 2015; Sandoval et al, 2015; Garaicoa et al, 2016) , which suggests that miR-155 might play a role in disease progression of MF (Kopp et al, 2013a; Moyal et al, 2013 Moyal et al, , 2017 . In fact, the measurement of miR-155 together with two other microRNAs (miR-203 and miR-205) has been proposed as a diagnostic tool for MF (Ralfkiaer et al, 2011; Marstrand et al, 2014) . In contrast, miR-155 was not highly upregulated in peripheral blood CD4+ cells isolated from patients with S ezary syndrome (SS), an aggressive leukaemic subtype of CTCL (Ballabio et al, 2010; Narducci et al, 2011; Qin et al, 2012) .
Several mechanistic studies suggest that the effects of miR-155 in CTCL are mediated through activation of survival pathways. In cultured MF cell lines, miR-155 overexpression has been linked to constitutive activation of the JAK/STAT, NF-jB and PI3K/AKT survival pathways Huang et al, 2012; Kopp et al, 2013a; Rasmussen et al, 2015) . Activation of these pathways in response to stimulation of the T-cell receptor has been shown to result in increased miR-155 expression (Rincon et al, 2001; So & Fruman, 2012; Seif et al, 2017) . In addition, the direct targets of miR-155 include genes that negatively regulate signalling through these pathways (O'Connell et al, 2009; Viernes et al, 2014; Yang et al, 2015a,b) . Finally, dysregulation of these survival pathways has been shown to be important in the pathogenesis and progression of CTCL (Izban et al, 2000; Qin et al, 2001; Tracey et al, 2004; Sors et al, 2006; Kopp et al, 2013a; Litvinov et al, 2013 Litvinov et al, , 2014 Wang et al, 2015) . However, it is not clear whether miR-155 overexpression can promote the malignant phenotype of MF by triggering signalling through these pathways. Nor is it known whether survival pathways regulated by miR-155 are dysregulated in clinical MF biopsies, and whether pathway activation correlates with miR-155 expression and MF disease severity. The studies described here elucidate the mechanism of miR-155 in MF using an inhibitor of miR-155 in cell-based systems and through the analysis of cells and clinical specimens with whole transcriptome profiling.
We developed cobomarsen (MRG-106), an oligonucleotide inhibitor of miR-155 optimized for functional uptake in CD4+ T cells and MF cells. Using this inhibitor, we wanted to identify pharmacodynamic biomarkers of miR-155 inhibition for translation into the clinical setting. We hypothesized that these biomarkers might be dysregulated in clinical MF biopsies and that their dysregulated expression correlates with miR-155 and lesion severity. Further, we hypothesized that inhibition of miR-155 with cobomarsen could reverse the malignant phenotype of MF by restoring the normal expression and function of multiple coordinated gene networks that control survival signalling and apoptosis.
Methods
Cell lines, cell culture and treatments TM ). RPMI-1640 medium and Iscove's modified Dulbecco's medium (IMDM) were purchased from ATCC, fetal bovine serum (FBS) from ThermoFisher Scientific (Waltham, MA, USA), glutamine from Lonza (Walkersville, MD, USA) and human interleukin (IL) 2, IL4, and AB serum from Sigma-Aldrich. Cell lines were seeded at 200 000 cells/ml and passaged before reaching a density of 1 9 10 6 cells/ml. Treatments included bexarotene (SigmaAldrich) and small molecule inhibitors idelalisib (PI3K/AKT inhibitor), ruxolitinib (JAK/STAT inhibitor) and U0126-EtOH (MAPK/ERK inhibitor) (all Selleckchem, Houston, TX, USA). CD4+ T cells were isolated from peripheral blood mononuclear cells (PBMCs) of healthy donors using magnetic bead separation (CD4+ T cell isolation kit; Miltenyi Biotec, Auburn, CA, USA) according to the manufacturer's instructions. Isolated CD4+ T cells were cultured at a density of 1 9 10 6 cells/ml in complete RPMI medium (supplemented with HEPES, NEAA, Na Pyruvate, Pen Strep and 2-ME) containing 10% FBS. Cells were stimulated using anti-CD3/ anti-CD28-coated Dynabeads TM (ThermoFisher Scientific) at a 1:1 ratio in the presence of 50 U/ml recombinant human IL-2 (PeproTech, Rocky Hill, NJ, USA). Cobomarsen or small molecule inhibitors were added at the time of stimulation and cells were cultured for 2 days.
For passive oligonucleotide uptake, treatments were added directly to the growth medium without the addition of transfection agents or additives, for up to 12 days. For nucleofection, cells were transfected using Amaxa Cell Line Nucleofector Kit L (Lonza) following the manufacturer's protocol. Briefly, approximately 2 9 10 6 cells were transfected using program Q-100 on the Amaxa Nucleofector II device, subsequently plated in 96-well plates in triplicate, and harvested at 24 and 48 h for molecular assessments.
Oligonucleotides
Single-stranded oligonucleotides were chemically synthesized and purified by miRagen Therapeutics (Boulder, CO, USA) 
RNA extraction from cells
Total RNA containing small RNAs was extracted using RNeasy (Qiagen, Germantown, MD, USA). RNA isolated from human normal peripheral blood CD4+ helper T cells was purchased from AllCells (Alameda, CA, USA).
Quantitative real-time polymerase chain reaction (qRT-PCR) analysis of gene and microRNA expression
Twenty nanograms of total RNA were reverse transcribed with MultiScribe TM reverse transcriptase (ThermoFisher Scientific), according to the manufacturer's instructions. Gene and microRNA expression were measured with TaqManâ assays (ThermoFisher Scientific). Expression was normalized to a housekeeping gene or small RNA, as appropriate, and calculated as relative expression compared to the average of the control group. To determine miR-155 copy number, standard curves were generated using a synthetic miR-155 RNA template (ThermoFisher Scientific). miR-155 copy number per cell was extrapolated from the standard curves, assuming 10 pg of total RNA per cell.
Assays for cellular adenosine triphosphate (ATP) and caspase 3/7 activity Cellular ATP concentration, which correlates linearly with total cell number (data not shown), was measured with the CellTiter-Glo luminescent cell viability assay (Promega, Madison, WI, USA), according to the manufacturer's instructions. Cellular caspase 3/7 activity, a surrogate measure of apoptosis, was measured with the Caspase-Glo 3/7 assay system (Promega), according to the manufacturer's instructions. Luminescence was measured on a Synergy HT plate reader (BioTek Instruments, Winooski, VT, USA) and normalized to the result for untreated cells at 24 h. Luminescence of caspase 3/7 was also normalized to the corresponding ATP signal, because growing cells have a low basal level of caspase activity.
Microarray analysis
Cutaneous T-cell lymphoma cell lines were cultured with cobomarsen for 4 days (to identify direct targets) or 8 days (to identify downstream targets). RNA was extracted with miRNeasy mini kits (Qiagen), according to the manufacturer's instructions. The Affymetrix GeneChip Human Genome U133 Plus 2.0 array was run by Expression Analysis, Inc. (Durham, NC, USA). Affymetrix .chp files were analysed using OmicSoft Array Studio software (Cary, NC, USA). Raw microarray data is available on the NCBI Gene Expression Omnibus GSE112273 (https://www.ncbi.nlm.nih. gov/geo/query/acc.cgi?acc=GSE112273). Quality of the arrays was confirmed by principal component analysis. To identify differentially regulated genes, a one-way ANOVA test was performed to compare cobomarsen-treated to untreated samples for the corresponding cell line. Significantly regulated genes were defined using a Benjimini-Hochberg false discovery rate (BH-FDR) corrected P-value cut-off of ≤0Á05 to control for multiple testing. Genes were defined as detectable if they were present in more than two of the four replicates for a given treatment. Hierarchical clustering was performed using the software program R (https://www.r-project.org/) using an agglomerative metric with Euclidean distance. Enrichment for seed-matched genes was determined by the overlap of the cobomarsen signature with the Ensembl Gene IDs on the Affymetrix array that contain a miR-155 seed complementary sequence (heptamer or octamer) in their 3 0 UTR.
Enrichment for functional annotation was determined by two approaches. First, the differentially regulated genes were assessed using the functional annotation tool on the DAVID Bioinformatics Resources website (http://david.abcc.ncifcrf.gov/). Functional annotation clusters were generated using gene ontology (GO) biological process and GO molecular function terms. Enriched terms were defined as those with a BH-FDR P < 0Á01. Second, the hypergeometric P-value was calculated for overlap between the cobomarsen signature gene lists and gene lists for the functional terms APOPTO-SIS_GO (GO:0006915) and CELL_CYCLE_GO_0007049 (GO:0007049), which were extracted from the Broad Institute MSigDB Molecular Signatures Database (http://www. broadinstitute.org/gsea/msigdb/index.jsp).
Flow cytometric analysis of survival pathway activation
Primary human CD4+ T cells were re-stimulated using either 20 ng/ml phorbol 12-myristate 13-acetate (PMA; for ERK1/2 and AKT phosphorylation; Sigma) or 100 ng/ml IL6 (for STAT-3 phosphorylation; PeproTech) prior to flow cytometric analysis. MF cells and primary CD4+ T cells were fixed using Cytofix TM buffer, then permeabilized using Phosflow TM Perm Buffer III (both BD Bioscience, San Jose, CA, USA), according to the manufacturer's instructions. After washing and resuspension, cells were incubated with phospho-flow antibodies (PE-Cy TM 7 Mouse anti-ERK1/2, pT202/pY204; PE Mouse anti-Akt, pS473; Alexa Fluorâ 647 Mouse Anti-Stat3, pY705, all BD Bioscience) according to the manufacturer's instructions. Samples were analysed using the CytoFLEX flow cytometer and CytExpert software (Beckman Coulter, Indianapolis, IN, USA). Data analysis was performed using FlowJo v10 software (FlowJo, Ashland, OR, USA). Phosphorylation of signalling molecules in CD4+ T cells is reported as percent frequency, due to the heterogeneity of the CD4+ T cell population in primary cells isolated from PBMCs and because only a subset of T cells responds to T-cell receptor stimulus with robust upregulation of phosphorylation of the evaluated signalling molecules. Phosphorylation of signalling molecules in CTCL cell lines, which have constitutively high levels of phosphorylated AKT, ERK1/2 and STAT-3, is reported as mean fluorescent intensity per cell.
Clinical MF samples
Skin biopsies of MF patients were collected at The University of Texas MD Anderson Cancer Center (Houston, TX, USA) between 2008 and 2010 under Institutional Review Board (IRB)-approved laboratory protocols 97-256, PA12-0267, PA12-0497, and PA15-0466. A single 20-lm curl from 77 deidentified formalin-fixed paraffin-embedded (FFPE) samples and the associated de-identified pathology reports were transferred to miRagen under a biological material transfer agreement, which was reviewed by MD Anderson's IRB to ensure that patient confidentiality and consent were not compromised. Information regarding disease stage and lesion type was extracted from the pathology reports. RNA was extracted from the FFPE curls with the RecoverAll TM Total Nucleic Acid Isolation Kit for FFPE and quantitated by NanoDrop spectrophotometer (both ThermoFisher). Samples were analysed by qPCR for miR-155 quantitation at Covance Genomics Laboratories (Seattle and Redmond, WA, USA). Data analysis was performed at miRagen Therapeutics. Samples for which miR-155 was undetectable had no amplification of miR-155. Samples that were below the limit of quantitation had a miR-155 qPCR signal that was below the linear range of the assay. Normal skin FFPE samples from 10 individual donors were purchased from ILSBio (Chestertown, MD, USA), Proteogenex (Culver City, CA, USA) and AdeptBio (Memphis, TN, USA).
NanoString analysis
RNA extracted from MF and normal skin biopsies was profiled using a custom CodeSet (NanoString, Seattle, WA, USA). Raw NanoString Reporter Code Count (RCC) data files were analysed using the Bioconductor package for R (https://www.bioconductor.org/). Standard data normalization techniques were applied to the tissue sample gene expression data, using sets of negative and positive controls defined by NanoString as well as housekeeping genes, and were subjected to a presence/absence filter. Individual genes for which <80% of background subtracted samples were above 0 were excluded from further analysis. Fold-change in gene expression was calculated relative to the mean of three normal skin samples and then log 2 transformed.
Statistical tests
Differences in gene expression between groups were assessed with a Student's unpaired t-test. Comparisons of groups with unequal variance were performed with a Mann-Whitney test. A P-value of 0Á05 was used to determine significance in all tests unless otherwise noted.
Results

Cobomarsen is an optimized inhibitor of miR-155
In order to develop an optimized inhibitor of miR-155, we screened a panel of synthetic antimiR-155 oligonucleotides that had base-pairing complementarity to miR-155, and which were designed to competitively inhibit the interaction of miR-155 with its mRNA targets. The activity of these inhibitors was measured by the magnitude and significance of de-repression of four direct seed-matched targets of miR-155 [BACH1 (Skalsky et al, 2007; O'Connell et al, 2008; Yin et al, 2008; Ceppi et al, 2009) Figure S1 ).
In response to treatment with each of the miR-155 inhibitors (Compounds A, B, C or cobomarsen), expression of the four direct targets significantly increased in the cell lines that overexpress miR-155 (P < 0Á0001, Mann-Whitney test, Fig 1A and Figure S2 ), but not in the HuT 78 cell line that expresses a low level of miR-155 (Fig 1B) . In magnitude of target engagement, cobomarsen was superior to the other antimiR-155 compounds in these cell lines.
Next, we assessed the dose-dependence and sequence-specificity of cobomarsen on miR-155 activity in MF and HTLV-1+ CTCL cell lines. In HuT 102 cells, the change in expression of the four seed-matched target genes increased with increasing dose of cobomarsen, and this change in expression was statistically significant at doses ≥1Á0 lmol/l (P < 0Á0001, Mann-Whitney test, Fig 1C) . In the My-La and MJ cell lines, changes in gene expression in response to cobomarsen were similarly dose-dependent (data not shown). In contrast, the change in gene expression with an unrelated control oligonucleotide was minimal and not dose-dependent (Fig 1C) .
To compare cellular uptake of cobomarsen with the other inhibitors, unfacilitated delivery was compared with facilitated delivery (nucleofection) of cobomarsen and compound C in MJ cells. Following treatment of the cells with 10 lmol/l of antimiR-155 inhibitors, the mean change in gene expression of three direct targets (BACH1, JARID2, PICALM) was calculated. Cobomarsen and compound C produced equivalent target de-repression when delivered via nucleofection, whereas cobomarsen showed greater target de-repression miR-155 in Cutaneous T-Cell Lymphoma ª 2018 British Society for Haematology and John Wiley & Sons Ltd than compound C with passive uptake (Fig 1D) . Furthermore, the magnitude of cobomarsen activity was equivalent when delivered passively or actively, demonstrating that this compound displays maximal uptake and activity with passive uptake. On the basis of these results in CTCL cell lines, cobomarsen was selected as the lead compound for further studies.
Cobomarsen inhibition of miR-155 reduces cellular proliferation and induces apoptosis in MF and HTLV-1+ CTCL cells
Overexpression of miR-155 has been reported to promote cellular proliferation and escape from apoptosis in malignant cells (Metzler et al, 2004; Eis et al, 2005 ; Costinean et al, Results are the mean of 3-11 replicates; error is standard deviation. *P < 0Á05, **P < 0Á01, ***P < 0Á001, or ****P < 0Á0001 versus untreated cells by Mann-Whitney test for three or four genes. cmpd: compound; cobo: cobomarsen; Mock: indicates cells nucleofected without compound; Unt: untreated cells.
2006; O'Connell et al, 2008; Wang & Lee, 2009; Yamanaka et al, 2009; Babar et al, 2012; Kopp et al, 2013b; Gerloff et al, 2015; Moyal et al, 2017) . To determine whether cobomarsen reverses these phenotypes by inhibiting miR-155 activity, we measured cellular proliferation and apoptosis in CTCL cells following treatment with cobomarsen. When HuT 102 cells were treated with cobomarsen, cellular proliferation decreased dramatically (Fig 2A) , while apoptosis, as measured by caspase 3/7 activity, increased (Fig 2B) . The control compound was tested in parallel with cobomarsen in an independent experiment and did not affect either proliferation or apoptosis ( Figure S3 ). The phenotypic impact of cobomarsen was compared to that of bexarotene, a retinoid that is approved in North America and Europe to treat CTCL. In HuT 102 cells, cobomarsen decreased cellular proliferation comparably to bexarotene, whereas cobomarsen had a greater impact on apoptosis induction than bexarotene (Fig 2A, B) . In HuT 78 cells that do not express miR-155, cobomarsen had little effect on cellular proliferation or apoptosis (Fig 2C, D) . Identification of a gene expression signature of cobomarsen in MF and HTLV-1+ CTCL cell lines demonstrating target engagement and mechanism of action Although microRNAs can regulate hundreds to thousands of targets, the biological pathways regulated by microRNAs are not always obvious from an examination of their direct targets (Linsley et al, 2007) . To gain a more complete understanding of the mechanism of action of cobomarsen in CTCL cell lines, whole transcriptome profiling was performed on three MF or HTLV-1+ CTCL cell lines (My-La, HuT 102, MJ) and the SS cell line (HuT 78). Cells were treated with cobomarsen for 4 or 8 days to identify direct or downstream targets of miR-155, respectively. We hypothesized that downstream gene signatures might be informative of the pathways and networks impacted by cobomarsen in this cell type, an approach that has elucidated the mechanisms of action of other microRNAs (Linsley et al, 2007) . Unique sets of genes were identified that were regulated at the early time point (Day 4) or the late time point (Day 8), as well as some genes that were regulated at both time points (Fig 3A shows representative results in the HuT 102 cell line). We analysed the gene signature from each time point for regulation of seed-matched targets and calculated the enrichment for target regulation by hypergeometric p-value (Fig 3B) . Following exposure to cobomarsen, each cell line signature was significantly enriched for miR-155 seedmatched targets (P < 1 9 10 À36 , Fig 3B) , confirming on-target activity for cobomarsen. Notably, the signatures include the miR-155 seed-matched targets BACH1, PICALM and JARID2 that we confirmed are regulated by cobomarsen in MF and HTLV-1+ CTCL cells (Fig 1A and Figure S2 ). A subset of the genes regulated by cobomarsen at Day 4 was selected for confirmatory analysis by qRT-PCR. All the genes examined were confirmed to be de-repressed by cobomarsen, whereas no target regulation resulted from treatment with a control oligonucleotide ( Figure S4 ). No significant functional annotation was observed at Day 4 (analysis not shown). Transcriptome profiling following 8 days of exposure to cobomarsen in the three cell lines with elevated miR-155 expression revealed statistically significant regulation of 3770 genes in HuT 102 cells, 3522 genes in MJ cells and 2963 genes in My-La cells. Notably, few genes (n = 159) were significantly regulated at Day 8 in the SS cell line HuT 78 with low expression of miR-155. Functional analysis of each cell line gene signature using DAVID analysis as well as GO terms determined that all three cell lines were enriched for cell cycle and apoptosis (Fig 3B) .
Examination of the gene expression profiles revealed a set of genes regulated similarly in all three cell lines, as well as genes that were regulated uniquely in each cell line. In order to derive a set of genes to serve as translational pharmacodynamic biomarkers for clinical assessment of cobomarsen, a set of genes regulated in common in all three MF or HTLV-1+ CTCL cell lines was identified. We reasoned that requiring consistent regulation in these biologically diverse cell lines would yield a biomarker signature that would be more robust to biological (clinical) diversity. We identified a gene signature for each time point (Day 4 and Day 8) that was significantly up-regulated in all three cell lines or significantly down-regulated in all three cell lines with no filter on the magnitude of gene expression. The two gene signatures were then combined into a single gene list of cobomarsen pharmacodynamic biomarkers, which we will refer to as the common signature. Therefore, the common signature contains genes that are regulated only at Day 4, only at Day 8 or at both time points. The common signature contains 587 genes comprising early (direct) targets and downstream (indirect) targets regulated by cobomarsen (Fig 3C) . This common signature includes the direct targets BACH1, PICALM and JARID2 (Fig 1A-C and Figure S2) ; INPP5D is not on the gene list because it was significantly regulated in only two of the three cell lines. Analysis of the common gene signature using the DAVID bioinformatics resource demonstrated enrichment for functional terms including mitotic cell cycle and response to DNA damage stimulus. Analysis of the common gene signature using ingenuity pathway analysis (IPA) software demonstrated that this set of genes is enriched for survival pathways including HGF/c-MET, PI3K/ AKT and JAK/STAT, as well as cytokine signalling (IL17, IL3, granulocyte-macrophage colony-stimulating factor [GM-CSF]) (Table SI) . Notably, none of these cobomarsen pharmacodynamic biomarker genes were regulated in the HuT 78 cell line, which does not overexpress miR-155 (Fig 3C) .
Cobomarsen inhibits signalling through the JAK/STAT, PI3K/AKT, and MAPK pathways
Because direct targets of miR-155 include genes that negatively regulate signalling through the PI3K/AKT, JAK/STAT and MAPK signalling pathways (O'Connell et al, 2009; Viernes et al, 2014; Yang et al, 2015a,b) , we hypothesized that inhibition of miR-155 would reduce signalling through all three pathways simultaneously. To test our hypothesis, we stimulated primary human CD4+ T cells through the T-cell receptor for 2 days and then treated the cells with cobomarsen or idelalisib (PI3K inhibitor), U0126 (MAPK inhibitor) or ruxolitinib (JAK inhibitor). Cobomarsen reduced signalling through all three pathways, as measured by reduced phosphorylation of the downstream signalling proteins AKT, ERK1/2, and STAT-3 (Fig 4A) . Inhibition of ERK1/2 and AKT phosphorylation with 10 lmol/l cobomarsen was similar to that observed with the respective kinase inhibitors, while inhibition of STAT-3 phosphorylation by 50 lmol/l cobomarsen was comparable to ruxolitinib. When the MF cell line My-La was similarly treated with cobomarsen or the pathway-specific inhibitors, cobomarsen again reduced signalling through all three survival A. G. Seto et al pathways to an extent similar to each small molecule inhibitor (Fig 4B, C) .
miR-155 is upregulated in MF clinical specimens and correlates with lesion type
We measured miR-155 expression by qRT-PCR in RNA isolated from 77 MF and 10 normal skin biopsy samples. FFPE MF samples were collected at MD Anderson Cancer Center between 2008 and 2010. Of the 77 MF biopsy samples, 57 had quantifiable miR-155, 17 had miR-155 values below the limit of quantitation and three had undetectable miR-155. Of the 10 normal skin samples, 3 samples had quantifiable miR-155, and the remaining 7 samples had miR-155 values below the limit of quantitation. There was no apparent correlation between miR-155 expression and CTCL disease stage (Fig 5A) , but miR-155 expression increased with increasing lesion severity (patch to plaque to tumour) (Fig 5B) .
Expression of cobomarsen pharmacodynamic biomarker genes correlates with miR-155 expression and lesion type in MF clinical samples
To determine whether the pharmacodynamic biomarkers we identified for cobomarsen in MF and HTLV-1+ CTCL cell lines are dysregulated in the clinical context of MF, we examined the expression of these biomarker genes in FFPE skin biopsies from MF patients. Using a custom NanoString CodeSet consisting of the previously described common gene signature (Fig 3C) as well as a set of eleven disease-associated genes, we compared gene expression in 22 MF biopsies with quantifiable miR-155 expression to three normal skin biopsies. The MF biopsies were selected to represent all lesion types, all stages of disease, and a range of miR-155 expression. We found that expression of the pharmacodynamic biomarkers segregated the MF biopsies into two main clusters: the first cluster with high levels of miR-155 consisted predominantly of tumour lesions, while the second cluster (Fig 6A) . The biopsies in the first cluster (tumour lesions) also had high levels of CD3, a T-cell marker, whereas the biopsies in the second cluster (patch and plaque lesions) had low to intermediate levels of CD3. Annotation analysis of genes down-regulated in MF biopsies compared to normal skin (most down-regulated in tumours, then plaques, then patches) showed enrichment of seed matches (octamer or heptamer seed match P < 0Á01, data not shown), suggesting that direct targets of miR-155 are repressed as miR-155 level increases. Conversely, the set of genes up-regulated in MF biopsies compared to normal skin (most up-regulated in tumours, then plaques, then patches) was not enriched for seed matches. IPA analysis of these up-regulated genes showed increased activation of the T cell helper type 1 (Th1) and Th2 pathways, consistent with the T cell activation associated with MF. This set of genes also demonstrated increased regulation of the HGF/ c-MET, JAK/STAT, ERK/MAPK and PI3K/AKT survival signalling pathways and the GM-CSF, IL-17, and IL-3 cytokine signalling pathways, and reduced G1/S cell cycle checkpoint regulation (Table SII) . These genes are likely to be downstream (indirect) targets, indicative of the role of elevated miR-155 in promoting cellular proliferation, survival, inflammation, and genome instability.
We wanted to perform a more direct comparison of cobomarsen pharmacodynamic biomarker expression in MF (A) Human CD4+ T cells were isolated, stimulated for 2 days with anti-CD3/anti-CD28-coated Dynabeads in the presence of IL2, followed by re-stimulation with either PMA (for ERK1/2 and AKT phosphorylation) or with IL6 (for STAT-3 phosphorylation), and cultured with 10 or 50 lmol/l cobomarsen (cobo) or the indicated inhibitors of AKT (idelalisib), ERK1/2 (U0126) or STAT-3 (ruxolitinib). (B) My-La cells were treated for 7 days with cobomarsen (10 lmol/l), for 7 days with AKT inhibitor (idelalisib, 10 lmol/l), for 4 h with the ERK inhibitor (U0126, 10 lmol/l) or for 4 days with the STAT inhibitor (ruxolitinib, 10 lmol/l). Cells were stained and quantitated by flow cytometry for phosphorylated AKT, ERK1/2 or STAT-3. Where error is shown, the results are the mean of two replicates; error is standard deviation. FI, fluorescence intensity; MFI, mean FI. clinical biopsies with expression in cobomarsen-treated cell lines. We calculated log 2 fold-change in gene expression of the biomarkers for MF clinical biopsies compared to normal skin, and for cobomarsen-treated compared to untreated MF or HTLV-1+ CTCL cell lines, then used hierarchical clustering to visualize the change in expression of all biomarker genes across all samples. We found that some genes were reciprocally expressed between MF biopsies and cobomarsentreated cell lines, while other genes were expressed similarly across all samples (Fig 6B) . The subset of genes with similarity of expression across all samples was not enriched for any functional annotation. The subset of genes with reciprocal expression was enriched for survival signalling, cell cycle checkpoint regulation and cytokine signalling (Fig 6B,  Table I ). Interestingly, IPA analysis of these genes demonstrated that T cell activation, survival signalling pathways, and cytokine signalling pathways were up-regulated and activated in MF clinical biopsies but down-regulated and inactivated in cobomarsen-treated cell lines, whereas checkpoint regulation was down-regulated and inactivated in MF biopsies but up-regulated and activated in cobomarsen-treated MF or HTLV-1+ CTCL cell lines (Table I) .
Discussion
Because miR-155 has been implicated in the pathogenesis of MF, several groups have hypothesized that miR-155 might be a potential therapeutic target in MF (Kopp et al, 2013a; Moyal et al, 2017) . In this study, we developed cobomarsen, a synthetic locked nucleic acid-modified oligonucleotide inhibitor of miR-155. Oligonucleotides have been proven to be viable antisense therapies for several drug targets (Janssen et al, 2013; Polychronopoulos & Tziomalos, 2017) . Cobomarsen, which has base-pairing complementarity to miR-155, was chosen from a panel of miR-155 inhibitors for its superiority in de-repression of miR-155 direct targets ( Fig 1A, B and Figure S2 ) and unfacilitated uptake (Fig 1D) . We demonstrated that cobomarsen activity was specific to miR-155 inhibition, as shown by the differential effects of cobomarsen on CTCL cells with high versus low expression of miR-155 (Figs 1A, B, 2 and 3C and Figure S2 ) and by its effects on seed-matched targets (Fig 3B) . We also showed the dose-dependence (Fig 1C) and sequence-specificity (Fig 1C and Figures S3 and S4) of cobomarsen in CTCL cell lines.
We demonstrated that cobomarsen inhibits cell proliferation and induces apoptosis in MF and HTLV-1+ CTCL cells (Fig 2 and Figure S3 ), which was confirmed in transcriptome analysis (Fig 3B) . In its ability to inhibit cell proliferation, cobomarsen was comparable to bexarotene (Fig 2A) , one of the most commonly prescribed systemic treatments for MF. However, bexarotene did not induce apoptosis (as measured by the activity of the caspase 3/7 proteins) in the HuT 102 cell line, whereas cobomarsen did (Fig 2B) . These results differ from those of Zhang et al (2002) , in which bexarotene was shown to induce apoptosis (as measured by Annexin V cell staining and caspase 3 activation) in MJ, HuT 78, and HH cell lines. Both studies used the same concentration of bexarotene (10 lmol/l), so the results may differ due to variations in the cell lines, experimental conditions or bexarotene sourcing.
In order to understand the molecular mechanism of cobomarsen in CTCL cells, we leveraged global expression analysis to determine the impact of cobomarsen on gene pathways and networks. Gene expression changes in CTCL have been studied extensively (Dulmage & Geskin, 2013; Litvinov et al, 2017) and multiple studies have identified targets for miR-155 (Loeb et al, 2012; Neilsen et al, 2013; Xie et al, 2014) . To our knowledge, this is the first report of a transcriptome analysis of miR-155-regulated targets in MF and HTLV-1+ CTCL. We identified a gene signature for cobomarsen comprising 587 direct and downstream targets of cobomarsen that were regulated in all three MF and HTLV-1+ CTCL cell lines. We demonstrated that these pharmacodynamic biomarkers of cobomarsen are specific for miR-155 inhibition, as demonstrated by their differential expression in CTCL cell lines with high versus low expression of miR-155 (Fig 3C) .
The gene signature we identified is associated with the cell cycle and apoptosis (Fig 3B) , which is consistent with the effects of cobomarsen on these cells (Fig 2) . In particular, the gene signature is enriched for survival signalling pathways including HGF/cMet, PI3K/AKT, JAK/STAT and p38 MAPK (Table SI) . We demonstrated that cobomarsen reduced signalling in these parallel survival pathways in both stimulated T cells and MF cells, comparable to the effects of specific inhibitors of each pathway (Fig 4) . These data support our proposed mechanism of action of cobomarsen: disruption of the constitutive survival loop in activated or transformed T cells by disrupting multiple pro-survival pathways simultaneously. These findings expand upon studies demonstrating a role for miR-155 in regulation of the PI3K/AKT pathway (Huang et al, 2012) and the JAK/STAT pathway (Kopp et al, 2013a; Rasmussen et al, 2015) .
One limitation of the cell line experiments is the question of whether these transformed patient-derived cell lines reflect MF . Our transcriptome profiles of the three cell lines revealed that some genes were regulated uniquely in each cell line. The cell line-specific signatures might reflect individual patient variability, different stages of disease, or the different origins of each cell line (HuT 102 was derived from lymph node (Poiesz et al, 1980) , MJ was derived from peripheral blood and My-La was derived from a skin lesion). Additionally, it has been suggested that the HuT 102 and MJ cell lines are more representative of adult T-cell lymphocytic leukaemia (ATLL) due to the presence of HTLV-1 . Therefore, it was important to compare the findings for miR-155 expression and biomarker gene expression in the cell lines to clinical MF biopsies.
To determine whether the gene signature we identified from CTCL cell lines translated to clinical samples, we examined miR-155 and biomarker gene expression in FFPE MF biopsy samples. We found that miR-155 expression was increased in 57 of the 77 MF samples studied, consistent with one published report (Maj et al, 2012) . We found increasing miR-155 expression in biopsy samples with increasing severity of lesion type (patch to plaque to tumour) (Figs 5B and 6A), consistent with reports demonstrating increased expression of miR-155 in tumour-stage MF (van Kester et al, 2011; Moyal et al, 2013; Sandoval et al, 2015; Garaicoa et al, 2016) . The differential expression of the pharmacodynamic biomarker genes was sufficient to cluster biopsies according to lesion type (patch, plaque, or tumour) (Fig 6A) . These clusters also reflected differential expression of miR-155 and CD3, a T-cell marker, which suggests that expression of the pharmacodynamic biomarkers and miR-155 reflects the density of T cells in the lesion. Note, however, that both malignant and non-malignant reactive T cells have been detected in MF skin biopsies, and miR-155 has been expressed in both types of T cells (Kopp et al, 2013b; Moyal et al, 2013) . We compared our biomarker gene signature to published results comparing gene signatures for MF versus normal skin (Shin et al, 2007; Litvinov et al, 2010 Litvinov et al, , 2015 . While the overlap in gene signatures across these studies was variable, pathway analysis showed similarities in enrichment for immune response, T cell activation, mitosis, cell cycle and cell division, consistent with the T cell origin of MF and the proliferative phenotype of the malignant cells. These results highlight the consistency of the molecular biology underlying MF pathology across different patient subsets and analysis methods and confirm the relevance of the cobomarsen-dependent signature for MF.
Collectively, these data demonstrate that the set of pharmacodynamic biomarker genes identified for cobomarsen in MF cell lines is dysregulated in the clinical setting of MF lesions. This set of biomarkers represents genes involved in cellular proliferation and survival, T cell activation and cytokine signalling and genomic stability. The observation that expression of these biomarkers corresponds to miR-155 expression level, lesion type and T cell density in clinical biopsies reinforces the conclusion that the pathology of disease progression in MF is associated with increased expression of miR-155, increased density of malignant or activated T cells, and dysregulation of multiple biological pathways.
Intriguingly, pharmacodynamic gene signatures that were up-regulated and activated in clinical MF biopsies, including those associated with T cell activation and survival signalling, were down-regulated and inactivated in MF and HTLV-1+ CTCL cells treated with cobomarsen, whereas genes associated with checkpoint regulation that were down-regulated and inactivated in MF biopsies were up-regulated and activated in response to cobomarsen in cell lines (Fig 6B, Table I ). These data suggest that multiple biological pathways dysregulated and associated with the pathology of MF are associated with increased miR-155 expression and can be reversed by inhibition of miR-155 activity. Therefore, a microRNA-based therapy, such as cobomarsen might restore homeostasis to multiple dysregulated gene pathways and networks in MF.
Cobomarsen is currently being evaluated in a phase 1 study of patients with certain lymphomas and leukaemias, including CTCL, MF subtype, and ATLL, to characterize the safety, tolerability and pharmacokinetics of this miR-155 inhibitor (NCT02580552). The gene signature identified in this study will be used as a translational pharmacodynamic biomarker for cobomarsen in the phase 1 study.
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